Introduction {#Sec1}
============

Lignocellulosic biomass is a potential renewable resource for biofuel production due to wide availability, low cost and rich holocellulose content. Predominant lignocellulosics that have been employed for bioenergy production are oil palm frond \[[@CR1]\], poplar \[[@CR2]\], switch grass \[[@CR3]\] and barley straw \[[@CR4]\]. In addition to these feedstocks, pineapple waste is another prominent lignocellulosics, which is being produced abundantly by canning industries throughout the world. The worldwide pineapple production was estimated to be 24.80 Mt from 1.02 Mha for the year 2013--2014 \[[@CR5]\] the production from India being 1.74 Mt from 0.11 Mha \[[@CR6]\]. A major share of the total production is processed in canneries resulting in generation of substantial amount of waste comprising the peel, crown, leaves etc. The peel and stems of pineapple waste is employed for the production of valuable products like bromelain and vinegar \[[@CR7]\]. A part of leaf waste is used in making rope fibres and paper industries. Being rich in reducing sugar and holocellulosic content (65--67%, w/w), pineapple leaf waste has a great potential for bioethanol production.

A major impediment in the utilization of lignocellulosic biomass as a substrate for ethanol production is the presence of lignin that resists chemical or enzymatic digestion of cellulose and hemicellulose polymers \[[@CR8]\]. Lignin and hemicelluloses form a barrier around the crystalline and amorphous regions of cellulose. Hence, the breakdown of lignin is essential for accessing the cellulose component of the lignocellulosics, which requires an appropriate pretreatment process. Among the various methods of pretreatment like physical, chemical, physicochemical and biological, enzymatic pretreatment or delignification process is beneficial owing to its high specificity, low energy requirements, higher yield of reducing sugar and minimum by-product formation.

The mechanism involved in various pretreatment processes specifically pertaining to the alterations in physical structure and chemical composition of biomass should be understood completely. The ultimate goal of any pretreatment process is to enhance the accessibility of biomass to the enzymes for efficient generation of reducing sugar at low enzyme dose. The conventional pretreatment methods result in the formation of furfurals, hydroxymethyl furfurals, acetic acid and formic acid etc., that inhibit the subsequent steps of bioethanol production. During enzymatic delignification, enzyme acts specifically and release phenolic intermediates which act as natural mediators enhancing the delignification process \[[@CR9]\]. High yield of reducing sugar was reported during saccharification after chemical pretreatment of Kans grass \[[@CR10]\]. It was reported that enzymatically delignified lignocellulosics yielded high reducing sugar content after saccharification when compared to that treated with steam explosion and acid pretreatments \[[@CR11], [@CR12]\].

Owing to the aforementioned advantages of enzymatic pretreatment, laccase mediated delignification of pineapple leaf waste was carried out in the present study. Laccase is an extracellular, multi-copper enzyme which degrades lignin through molecular oxygen and oxidizes different aromatic and non-aromatic compounds present in lignin \[[@CR13]\]. Till date, very few reports are available on the enzymatic pretreatment of different lignocellulosics and its effect on reducing sugar production \[[@CR14], [@CR15]\].

Recently, multivariate statistical techniques are predominantly being used for optimization of process parameters. Factorial designs viz., central composite and Box--Behnken are used, for evaluating the effect of one factor at several levels of other factors in addition to the interaction among them, which is not possible in one-factor-at-a-time \[[@CR16]\]. In the present work, optimization of enzymatic pretreatment of pineapple leaf waste was carried out by response surface methodology (RSM) based on central composite design (CCD). It is worth mentioning that decrease in lignin and hemicellulose content due to pretreatment process affects the physical properties of the cellulosic component such as crystallinity, surface area of the substrate etc. Structural characterization was done to corroborate the delignification process and porosity measurements to assess the accessible surface area of the substrate to cellulase for reducing sugar production. Enzymatic delignification is a green, sustainable and eco-friendly approach for production of biofuel and other bio-products.

Methods {#Sec2}
=======

Substrate and its biochemical characterisation {#Sec3}
----------------------------------------------

Pineapple (*Ananas comosus*, Giant Kew variety) leaf waste was collected locally from the farm of IIT Kharagpur, India. It was chopped, sun dried, pulverised to particle size of 0.2 mm and used in the present study. Lignin, cellulose and hemicellulose content of raw and delignified pineapple leaf wastes were estimated using standard protocols \[[@CR17]--[@CR19]\]. The amount of reducing sugar was measured by dinitrosalicylic acid method (DNS) \[[@CR20]\]. The elemental analysis of moisture free raw and delignified pineapple leaf waste was done by the CHNS analyser (M/s Elementar, VarioMicrocube, Germany).

Enzyme {#Sec4}
------

Enzymatic delignification of the substrate was done using laccase from *Pleurotus djamor*. Enzyme activity was determined spectrophotometrically using 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as substrate \[[@CR21]\]. The activity of laccase was represented in international unit (IU) which is defined as the amount of enzyme required to oxidize 1 μmol of ABTS per minute under the assay conditions.

Optimization of enzymatic delignification of pineapple leaf waste {#Sec5}
-----------------------------------------------------------------

Parameters like solid loading (5--40% w/v), enzyme concentration (100--1000 IU/mL), incubation time (2--12 h), temperature (30--60 °C) and pH (3--10) were selected to study their effect on enzymatic delignification process and further optimization was done by RSM based on CCD. After delignification process, the solid residue was washed, dried and used for estimation of residual lignin and percentage delignification.$$\documentclass[12pt]{minimal}
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Optimization and evaluation of enzymatic delignification of pineapple leaf waste was carried out using three-level, 2^5^ full factorial CCD with five process parameters. The boundary parameters studied in the process of enzymatic delignification were solid loading (15--25% w/v), incubation time (5--7 h), 35--45 °C, pH (6--8) and enzyme concentration (300--700 IU/mL). The experimental design and analysis of data were done using MINITAB 16 software. The designed experimental runs were tabulated in uncoded terms − 1, 0, + 1 as lowest, middle and highest level of five variables respectively in Table [1](#Tab1){ref-type="table"}. The effect of independent factors and their interactions on % delignification was represented as polynomial quadratic regression equation. The interactive effects among various parameters was analysed based on 3D response surface plots.Table 1Experimental design for enzymatic delignification of pineapple leaf waste in terms of uncoded level of variables based on central composite designRun orderSolid loading (% w/v)Incubation time (h)Temperature (°C)pHEnzyme concentration (IU/mL)Delignification (%)ExperimentalPredicted120640750069.9170.53220640750068.5670.53315640750071.9273.44425745870069.3069.53515745670071.2471.00620640850068.9068.52715545630070.4170.40815745830062.2162.29920645750073.5272.641025735670066.7967.121115735870057.8957.521225545830058.8159.271325545670067.5667.701425735830056.3356.991520640750070.7970.531615545870064.1363.571720640730065.5262.931815735630050.8751.051920640770067.5268.442020640750070.4970.532120740750068.4566.802225745630064.3365.112320640750068.2370.532425640750078.1474.962515535830057.8957.762620540750066.1566.132725535630052.4353.002815535670058.6958.232920635750065.6964.903025535870065.2565.263120640750068.5370.533220640650071.2469.95

Energy density measurement {#Sec6}
--------------------------

The energy density of the raw and delignified pineapple leaf waste was measured using Bomb Calorimeter (Oxygen Bomb Calorimeter, Eastern Instruments, Kolkata, India). The samples were dried at 60 °C in an oven for removing the moisture and then formed into pellets. The heat content of the samples was determined in the presence of excess oxygen and high pressure (2.75 × 10^6^ Pa). The energy density (kJ/g) of the solid samples were determined as following:$$\documentclass[12pt]{minimal}
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                \begin{document}$$Energy\,\,density\,({\text{kJ}}/{\text{g}})\,\, = \frac{{W\,\, \times \,(T_{2\,\,} - T_{1\,} \,)}}{M}$$\end{document}$$where W is the water equivalent of calorimeter (9.748 kJ/°C), M is the mass of the sample and (T~2~ − T~1~) is the rise in the temperature.

Structural characterization {#Sec7}
---------------------------

The morphological studies of raw and delignified pineapple leaf waste were carried out by scanning electron microscopy (SEM). The dried samples were mounted on a stub of metal with adhesive, coated with gold and viewed under JEOL JSM 5800 SEM (Jeol Ltd., Tokyo, Japan).

Fourier transform infrared spectroscopy (FTIR) was carried out for both raw and delignified samples of pineapple leaf waste using KBr pellet technique in spectral range of 400--4000 cm^−1^ with a resolution of 0.5 cm^−1^. The FTIR analysis was mainly intended to study the functional groups available in lignocellulosic substrate and changes in intensity of absorption bands due to enzymatic action.

The crystallinity of raw and delignified samples of pineapple leaf waste was determined through X-ray diffraction (XRD) studies using CoK*α* radiation (*α *= 1.79 Å) at 20 mA and 40 kV. The samples were scanned from 2*θ *= 15° to 75° with a speed of 3°/min. The percentage crystallinity was calculated from \[(*I*~002~ − *I*~am~)/*I*~002~\] × 100, where *I*~002~ represents maximum peak intensity (2θ) between 22° and 23° and *I*~am~ represents minimum peak intensity (2θ) between 18° and 19° for cellulose *I* \[[@CR22]\].

Porosity analysis {#Sec8}
-----------------

Specific surface area, pore volume and pore diameter of pineapple leaf waste sample were studied using the Brunauer--Emmett--Teller (BET) and Barrett--Joyner--Halenda (BJH) method. The adsorbate suitable for evaluation of porosity of pineapple leaf waste was nitrogen at 77 K using Quantachrome Autosorb Automated Gas Sorption System apparatus. The 0.2 mm particle sized pineapple leaf waste sample was degassed for overnight at 60 °C to remove the moisture from the pores.

Results and discussion {#Sec9}
======================

Biochemical characterization of pineapple leaf waste {#Sec10}
----------------------------------------------------

Biochemical characterisation of pineapple leaf waste clearly indicate that it was rich in cellulose (42.29% ± 0.32, w/w) and hemicellulose (25.18% ± 0.25, w/w) with significant lignin (13.05% ± 0.33, w/w) content. The reported composition of cellulose (43.53% ± 1.17, w/w), hemicellulose (21.88% ± 0.22, w/w) and lignin (13.88% ± 1.70, w/w) of pineapple leaf were in close proximity with that obtained in the present study \[[@CR23]\]. For efficient utilization of holocelluloses for biofuel production, the lignin barrier should be distorted by laccase mediated delignification process.

Elemental analysis of pineapple leaf waste {#Sec11}
------------------------------------------

The elemental analysis (Table [2](#Tab2){ref-type="table"}) depicts a slight decrease in CHNS content in the delignified substrate in comparison with the raw substrate. During laccase mediated delignification, the breakdown of C=C, C--H bonds in lignin and C=O bonds in hemicellulose and lignin were observed (FTIR analysis), which might be the plausible reason for the decrease. The reduction in the carbon content of the delignified pineapple leaf waste was estimated to be around 1.8% (w/w). The diminutive decrease in the carbon content during the process proves the effectiveness of the enzymatic delignification for better fuel properties of the substrate.Table 2Elemental analysis of raw and delignified pineapple leaf wasteSubstrateC (wt%)H (wt%)N (wt%)S (wt%)O (wt%)Raw39.164.771.970.1753.93Pretreated37.374.651.540.1356.31Oxygen (wt%) was calculated by difference

Parameters affecting enzymatic delignification process {#Sec12}
------------------------------------------------------

A range of various parameters were considered for studying their effect on delignification of pineapple leaf waste. The percentage delignification and its corresponding residual lignin for all the parameters were shown in the Fig. [1](#Fig1){ref-type="fig"}. It was found that solid loading 20% (w/v), incubation time 6 h, 40 °C, pH 7 and enzyme concentration 500 IU/mL showed maximum percentage delignification.Fig. 1Effect of **a** solid loading **b** incubation time **c** temperature **d** pH **e** enzyme concentration on percentage delignification and residual lignin. Raw pineapple leaf waste powder is the substrate and effect of various parameters like solid loading (5--40% w/v), incubation time (2--12 h), temperature (30--60 °C), pH (3--10) and enzyme concentration (100--1000 IU/mL) on enzymatic delignification process of the substrate has been studied

Optimization of enzymatic delignification of pineapple leaf waste {#Sec13}
-----------------------------------------------------------------

Using the experimental data of enzymatic delignification and various interaction terms of experimental variables, a second order polynomial equation was fitted for the process which is represented as:$$\documentclass[12pt]{minimal}
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In the above equation, units for solid loading, incubation time, temperature and enzyme concentration are % (w/v), h, °C and IU/mL respectively. Analysis of variance (ANOVA) of the quadratic equation for the delignification (%) of pineapple leaf waste has been summarized in Table [3](#Tab3){ref-type="table"}. The regression model for enzymatic delignification of pineapple leaf waste showed a considerable high *F* value (27.23) and very low *P* value (\< 0.001) thus specifying the significance of the model. High R^2^ value (0.96) of laccase delignified pineapple leaf waste demonstrates the robustness of the model. No significant difference between the R^2^ and adjusted R^2^ values was observed, indicating that the regression model is reliable and competent for the process. It is noted from the coefficients of terms in the regression equation that the individual terms of incubation time, pH, temperature and square terms of pH have profound influence on the percentage of delignification.Table 3ANOVA analysis of RSM model for enzymatic delignification of pineapple leaf wasteSourceDF^a^Seq SS^b^Adj SS^b^Adj MS^c^*FP*Regression201142.521142.5257.12614.95\< 0.001Linear5427.90152.0330.4067.960.002Square5520.36520.36104.07227.23\< 0.001Interaction10194.26194.2619.4265.080.006Residual error1142.0442.043.822Lack-of-fit635.8335.835.9724.810.053Pure error56.216.211.242Total311184.56R^2^ = 96.45%R^2^(adj) = 90.00%^a^ Degrees of Freedom^b^ Sum of Squares^c^ Mean Square

The 3D response surface plots are graphical representation of the regression equation. The response surface plots pertaining to the conditions for enzymatic delignification of pineapple leaf waste were shown in Fig. [2](#Fig2){ref-type="fig"}. Each plot in the figure represents the effect of two variables on the percentage delignification. The interaction between incubation time and pH, enzyme concentration and pH, incubation time and enzyme concentration, incubation time and temperature on delignification (%) were shown in the Fig. [2](#Fig2){ref-type="fig"}a--d respectively.Fig. 2Response surface plots representing relationship between % delignification and **a** incubation time and pH **b** pH and enzyme concentration **c** incubation time and enzyme concentration **d** incubation time and temperature. Raw pineapple leaf waste powder is the substrate. Effect of interaction between two variables such as incubation time (5--7 h) and pH (6--8), enzyme concentration (300--700 IU/mL) and pH (6--8), incubation time (5--7 h) and enzyme concentration (300--700 IU/mL), incubation time (5--7 h) and temperature (35--45 °C) on the delignification (%) has been studied

Figure [2](#Fig2){ref-type="fig"}a depicts that with an increase in incubation time and pH the percentage delignification increases up to an optimum incubation time (6 h) and pH (7). Thereafter, a slight decrease was observed which may be due to the loss of enzyme stability at high pH and prolonged incubation time. From the Fig. [2](#Fig2){ref-type="fig"}b, c it was observed that percentage delignification increased up to optimum enzyme concentration (500 IU/mL), incubation time (6 h) and pH (7). After that, slight decrease in delignification percentage was observed which may be due to saturation of the catalytic sites of the enzyme or loss of stability of enzyme. Figure [2](#Fig2){ref-type="fig"}d illustrates that maximum delignification was obtained at interaction between upper limit of temperature (45 °C) and middle level of incubation time (6 h). This possibly signifies negligible thermal degradation of enzyme up to the maximum temperature level.

From the analysis of response surface plots, the optimum conditions for enzymatic delignification were found to be solid loading 25% (w/v), incubation time 5.30 h, 45 °C, pH 6.16, enzyme concentration 582.82 (IU/mL). Under these optimum conditions, the predicted delignification was 77.56% which was close to the experimental delignification 78.57%. Similar results were reported in *Bambusa bambos* where the maximum delignification of 84% was obtained at pH 6.9, 35 °C, liquid:solid ratio 6:1, incubation time 8 h, and enzyme concentration 400 IU/mL \[[@CR14]\]. It is not essential to degrade the entire lignin content of lignocellulosics to obtain a significant increase in digestibility, rather 20--65% of the lignin degradation can significantly improve the yield of enzymatic hydrolysis depending on the source of cellulose \[[@CR24]\]. Through RSM based on CCD, maximum delignification of pineapple leaf waste was obtained at high solid loading and short incubation time, which makes the process viable.

Energy density measurement {#Sec14}
--------------------------

Energy density plays a very important role not only in determining the efficacy of lignocellulosic feedstock as a potential biofuel producer but also for validating the efficiency of the process involved in the biofuel generation viz. the delignification process. A low energy density feed stock is less energy efficient to convert into biofuel than that of high energy density feedstock. The energy density of the raw and enzymatically delignified pineapple leaf waste was found to be 17.13 ± 0.65 kJ/g and 15.95 ± 0.5 kJ/g respectively. The reduction in the energy density of delignified pineapple leaf waste compared to the raw substrate may be due to lignin degradation which is in accordance with the reported work where energy density of the lignocellulosic feedstock (Kans grass) was reduced after enzymatic delignification process \[[@CR25]\]. There exists a direct relationship between the lignin content and the higher heating value (HHV) of the biomass. The heating value of lignin is comparatively high than that of cellulose as the degree of oxidation is higher for lignin \[[@CR26]\].

Structural characterization of delignified pineapple leaf waste {#Sec15}
---------------------------------------------------------------

The changes in structure of pineapple leaf waste after enzymatic delignification under optimum conditions from RSM were assessed through SEM studies. The delignification process creates cracks and pores on the substrate due to the removal of lignin which was clearly observed in the SEM images of raw and delignified biomass (Fig. [3](#Fig3){ref-type="fig"}). The delignification process makes the lignocellulosic substrate more susceptible to saccharification by exposing the cellulosic material to cellulase and thereby enhances the yield of fermentable sugars.Fig. 3Scanning electron microscopy images of **a** raw and **b** delignified pineapple leaf waste. Maximum delignification of pineapple leaf waste has been obtained at solid loading 25% (w/v), incubation time 5.30 h, 45 °C, pH 6.16 and enzyme concentration 582.82 (IU/mL). The structural morphology of raw and delignified substrate has been studied

FTIR has been used to explore the changes of the functional groups and compositional modifications in laccase delignified substrate against the raw substrate with significant changes in the absorption spectrum of delignified substrate (Fig. [4](#Fig4){ref-type="fig"}). Notable decrease in the absorption peaks was observed at 3396 cm^−1^ (OH stretching of lignin), 2919 cm^−1^ (C--H stretching of lignin), 1735 cm^−1^ (C=O stretching of hemicellulose), 1629 cm^−1^ (C=O stretching vibration in conjugated carbonyl of lignin), 1538 cm^−1^ and 1515 cm^−1^ (C=C stretching vibrations of aromatic rings of lignin), 1454 cm^−1^ (aliphatic part of lignin), 1430 cm^−1^ (C--H in-plane deformation of lignin), 1376 cm^−1^ (aliphatic C--H stretching in methyl and phenol alcohol) 1251 cm^−1^ (syringyl ring breathing and C--O stretching in lignin and xylan), 1050 - 1150 cm^−1^ (C--OH stretching vibration of the cellulose and hemicelluloses), 1037 cm^−1^ (C--O, C=C and C--C--O stretching) and 665 cm^−1^ (aromatic C--H bending of lignin) after enzymatic delignification process \[[@CR27]--[@CR29]\]. The prime reason for the decrease in these absorption peaks is the cleavage of the lignin side chains by laccase without much structural alterations of cellulose and hemicellulose \[[@CR30]\].Fig. 4Fourier transform infrared spectra of raw and delignified pineapple leaf waste. Maximum delignification of pineapple leaf waste has been obtained at solid loading 25% (w/v), incubation time 5.30 h, 45 °C, pH 6.16 and enzyme concentration 582.82 (IU/mL). Changes of the functional groups and compositional modifications in laccase delignified substrate against the raw substrate have been studied

The cellulose accessibility to cellulase for efficient saccharification is governed by various factors like cellulose crystallinity, lignin and hemicellulose content, its distribution in the substrate and porosity \[[@CR31]\]. XRD provides an accurate measure of the crystallinity of cellulose. It was observed (Fig. [5](#Fig5){ref-type="fig"}) that cellulose crystallinity of raw and delignified substrates were 27.50% and 33.96% respectively indicating an increase in relative crystallinity by 6.46% which may be due to the removal of lignin from pretreated substrate \[[@CR32]\]. These results are similar to those obtained in case of *Lantana camara* where an increase in crystallinity of enzymatically delignified sample (25.21%) was observed over that of the raw sample (19.57%) \[[@CR32]\].Fig. 5X-ray diffraction spectra of raw and delignified pineapple leaf waste. Maximum delignification of pineapple leaf waste has been obtained at solid loading 25% (w/v), incubation time 5.30 h, 45 °C, pH 6.16 and enzyme concentration 582.82 (IU/mL). Change in cellulose crystallinity of laccase delignified substrate has been studied against the raw substrate

The cellulose, hemicellulose and lignin contents of raw and delignified pineapple leaf waste under optimized conditions are provided in Table [4](#Tab4){ref-type="table"}. A significant decrease in lignin (4.66-fold) and hemicellulose content (1.31-fold) was observed from delignified substrate as compared to the raw substrate. The cellulose obtained from pineapple leaf waste after delignification process is nearly 1.09-folds higher than that obtained from the raw pineapple leaf waste. These biochemical changes illustrate the action of laccase on pineapple leaf waste.Table 4Biochemical composition of raw and delignified pineapple leaf wasteComponentInitial\@5.30 hLignin (%, w/w)13.05 ± 0.332.78 ± 0.25Cellulose (%, w/w)42.29 ± 0.3245.20 ± 0.98Hemicellulose (%, w/w)25.18 ± 0.2519.80 ± 0.73

To determine the effect of delignification on production of reducing sugar, saccharification was performed with raw and delignified pineapple leaf waste. The reducing sugar (mg/g) from raw and delignified substrates was found to be 189.0 ± 8.89 and 492.33 ± 3.1 respectively with a significant increase of 2.6-folds. The results show that enzymatically delignified pineapple leaf waste can produce considerably high amount of reducing sugar after saccharification.

Measurement of specific surface area, pore size and pore volume of raw and delignified substrate {#Sec16}
------------------------------------------------------------------------------------------------

One of the important parameters that affect the hydrolysis rate of cellulose is specific surface area. The absorption of cellulase on the surface of cellulose is mandatory for the hydrolysis reaction to occur as the extent of hydrolysis depends on the surface area accessible to the enzymes. Based on BET analysis (Table [5](#Tab5){ref-type="table"}), surface area of raw and delignified pineapple leaf waste under optimized conditions were found to be 1.41 and 2.51 m^2^/g respectively, that showed an increase in the surface area by 1.78-folds. The obtained results from the present study are substantially higher than the reported work where surface area analysis of raw and ionic liquid pretreated oil palm empty fruit bunch was 0.55 m^2^/g and 0.75 m^2^/g \[[@CR33]\]. BJH analysis was carried out to determine the pore size and its volume through N~2~ adsorption and desorption techniques.Table 5Changes in surface area, pore volume and pore diameter of pineapple leaf waste before and after enzymatic delignificationSampleSurface area (m^2^/g)Pore volume (cc/g)Pore diameter (nm)Raw1.414.26 × 10^−3^12.00Delignified2.515.51 × 10^−3^13.95

There exist a direct relation between the pore volume or interior surface area of the substrate and the extent of hydrolysis by cellulase \[[@CR34]\]. Enhanced cellulose hydrolysis was observed when the pores of the substrate were large enough to accommodate adequate cellulase \[[@CR35]\]. The rate-limiting pore size for the hydrolysis of lignocellulosic substrates was reported to be 5.1 nm \[[@CR36]\]. The pore size (diameter) of raw and delignified pineapple leaf waste from BJH analysis was found to be 12.00 nm and 13.95 nm respectively which suggests the pineapple leaf waste to be mesoporous in nature. Laccase delignified pineapple leaf waste with increased pore volume (by nearly 1.3-folds, Table [5](#Tab5){ref-type="table"}) can improve the production of reducing sugar.

The prime objective of the delignification process is to remove lignin that acts as barrier to cellulose which is major contributor of reducing sugar. Conventional pretreatment process not only leads to a significant amount of hemicellulose loss along with lignin but also results in formation of intermediates such as furfurals and hydroxymethylfurfurals that may act as inhibitors for the fermentation process. Besides, conventional pretreatment processes are also associated with equipment corrosion, high cost, high water requirement, excess use of chemicals, formation and incorporation of salts into the biomass and enormous waste production. In order to overcome these issues, enzymatic delignification of biomass was carried out in the present study. Enzymatic delignification is an eco-friendly process which can work under mild operating conditions. Laccase being specific, acts on lignin moieties of the substrate and has less effect on the structure and composition of cellulose and hemicelluloses. Laccase mediated delignification enhances saccharification efficiency of cellulase thereby leading towards cleaner production of biofuel \[[@CR37]\] such as biobutanol, bioethanol and bio-chemicals like lactic acid, acetic acid, sorbitol, xylitol, vanillin etc.

Conclusion {#Sec17}
==========

Biochemical characterisation of pineapple leaf waste shows the presence of high cellulose and hemicellulose with significant lignin content. Laccase mediated delignification process degrades lignin up to 78.57% (w/w) which is accompanied by an increase in cellulose crystallinity of 6.46%. This substantiates the effective action of laccase on pineapple leaf waste during delignification process which results in increased production of reducing sugar (492.33 ± 3.1 mg/g). Structural characterization as well as surface area and porosity analysis of the substrate further corroborate the enzymatic delignification process. The energy density studies of pineapple leaf waste prove that it is a competent substrate for biofuel production. In the perspective of cleaner production, enzymatic delignification of biomass is a green, sustainable and eco-friendly process for improved production of reducing sugar that contributes for efficient biofuel production. The agro-industrial waste utilization for generation of value added products is not only an effective way of waste removal from the environment but also economical.
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